Abstract: Adaptive optics scanning laser ophthalmoscopy (AO-SLO) has recently been used to achieve exquisite subcellular resolution imaging of the mouse retina. Wavefront sensing-based AO typically restricts the field of view to a few degrees of visual angle. As a consequence the relationship between AO-SLO data and larger scale retinal structures and cellular patterns can be difficult to assess. The retinal vasculature affords a largescale 3D map on which cells and structures can be located during in vivo imaging. Phase-variance OCT (pv-OCT) can efficiently image the vasculature with near-infrared light in a label-free manner, allowing 3D vascular reconstruction with high precision. We combined widefield pv-OCT and SLO imaging with AO-SLO reflection and fluorescence imaging to localize two types of fluorescent cells within the retinal layers: GFPexpressing microglia, the resident macrophages of the retina, and GFPexpressing cone photoreceptor cells. We describe in detail a reflective afocal AO-SLO retinal imaging system designed for high resolution retinal imaging in mice. The optical performance of this instrument is compared to other state-of-the-art AO-based mouse retinal imaging systems. The spatial and temporal resolution of the new AO instrumentation was characterized with angiography of retinal capillaries, including blood-flow velocity analysis. Depth-resolved AO-SLO fluorescent images of microglia and cone photoreceptors are visualized in parallel with 469 nm and 663 nm reflectance images of the microvasculature and other structures. Additional applications of the new instrumentation are discussed.
Introduction
Over the last decade, the development of adaptive optics (AO) instruments has made it possible to routinely image the human retina in vivo at cellular resolution [1] . However, reports of in vivo imaging of the mouse retina with AO-enhanced SLO and OCT have only recently been published [2] [3] [4] [5] [6] [7] [8] [9] . AO imaging of the mouse retina has been delayed by the challenge of designing a system for an eye ten-fold smaller than that of the human, and by the availability of highly developed ex vivo histochemical retinal imaging methods. Such methods cannot report the properties and functions of living tissue, and moreover are also relatively expensive inasmuch as they require cohorts of experimental and control animals, often for each of a number of time points in a study. AO-imaging of the mouse eye can be seen as part of an ongoing revolution in biological imaging, which is aimed at visualizing cellular structure and function in vivo, particularly with genetically encoded optical probes [10] . Remarkably, the mouse eye has an AO-corrected numerical aperture of ~0.5, exceeding that of the human eye by ~2.5-fold [4, 11] , affording exquisite submicron resolution.
Here we describe an AO-SLO instrument for reflectance and fluorescence imaging of the mouse retina based on the general design of Geng et al. [4] . We demonstrate its utility by imaging retinal capillaries, retinal blood flow, and microglia and cone photoreceptor cells that constitutively express GFP, and show how these structures and cells can be localized in 3D by combining the AO-SLO data with widefield OCT/pv-OCT and SLO data. Consistent with previous histological studies [12, 13] , AO-SLO imaging shows the microglia to reside primarily in the neurofibrillary and plexiform layers, and show that two distinct regions of cone cell GFP fluorescence can be distinguished, corresponding to the pedicles of the outer plexiform and the cell body and inner segment near the external limiting membrane.
Materials and methods
This section provides a brief description of the experimental systems, and methods used to evaluate volumetric retinal structures of the mouse eye.
Widefield in vivo mouse retinal imaging

OCT/pv-OCT
To acquire volumetric morphology and vascular maps of the mouse retina a custom OCT system was constructed [14] . The OCT system utilizes Fourier-Domain OCT (Fd-OCT) with a broad bandwidth superluminescent diode (SLD, Broadlighter T-860-HP; Superlum, Carrigtwohill, Cork, Ireland, λ 0 = 855 nm, Δλ = 132 nm, and P out = 15 mW) as a light source an OCT spectrometer comprising a holographic diffraction grating (1200 l/mm @ 840 nm; Wasatch Photonics, Inc. Duhram, NC, USA), an imaging objective (Zeiss 85 mm f1.4 Planar ZF-IR; Zeiss. Jenna, Germany) and a CMOS camera (spL4096-140km; Basler AG, Ahrensburg, Germany) operating up to 100,000 A-scan/s as its detector. The sample arm was attached to a probe unit, which comprises a fiber collimator lens (Thorlabs, Inc. Newton, NJ, USA), two single-axis galvanometric scanners (6215HM; Cambridge Technology, Inc. Bedford, MA, USA), and three achromatic doublets as the scanning lens (Edmund Optics, Inc Barrington, NJ, USA). The reference arm of the fiber coupler is attached to an OCT reference arm unit comprising a fiber collimator lens, an achromatic doublet lens, neutral density filter, dispersion-compensating block and a static silver-coated mirror. The OCT system has theoretical axial resolution of ~2 µm in the mouse eye, and a lateral resolution of ~5 µm (FWHM). OCT images could be acquired over 41 deg of visual angle (~1.4 mm). In converting angles to retinal distances in this manuscript, we use the conversion factor 34 μm/deg, corresponding to a posterior nodal distance of 1.95 mm. The Fd-OCT system collects a spectral fringe pattern that is processed using standard Fd-OCT methods to reconstruct both amplitude and phase information [15] . Different scanning patterns have been used to acquire OCT images presented in this paper. The two most frequently used included: 100 B-scans with 2000 A-scans/B-scan (25 frames/s) for standard OCT, and 360 clusters of 4 B-scans with 360 A-scan/B-scan (250 frames/s) for phase-variance OCT (pv-OCT). Phase-variance contrast analysis of pv-OCT volumes was performed as previously described [16] [17] [18] [19] . Briefly, phase changes were calculated for the entire cross-sectional image from consecutively acquired sets of three B-scans (BM-scans). Bulk axial motion for each B-scan was calculated and corrected for each set of BM-scans, reducing the phase noise created by mouse eye movements. Intensity thresholding based on the average OCT intensity B-scan was used to create a mask for the pv-OCT image that removed contributions of phase noise caused by low signal-to-noise regions. Combined OCT and pv-OCT analysis generated a volumetric morphology of the retinal layers and microvasculature which were used as a reference map for localizing blood vessels and cells in 3D with AO-SLO imaging.
Widefield scanning laser ophthalmoscope (SLO)
A custom-built, multichannel SLO system [20] was used to acquire widefield (50 deg visual angle, 1.7 mm) reflectance and fluorescence images. These images were used in combination with pv-OCT imaging of the retinal vasculature, described above, as maps on which fluorescent cells and other retinal features were located for higher resolution (but necessarily much smaller FOV) AO-SLO imaging. A key feature of this SLO is a sensitive spectrum analyzer (Ocean Optics TM QE65000), used for spectral emission fingerprinting of fluorescence cells and autofluorescence.
AO-SLO
We previously described a clinical imaging AO-OCT system that uses an optical design based on reflective optics to minimize system aberrations and pupil wander [21] . Here we present an AO-SLO system for small animal imaging built upon the same principles, including modifications necessary for mouse retinal imaging.
Optical design of AO-SLO system
The physical layout of the imaging optics of the AO-SLO is illustrated to scale in Fig. 1 . Fig. 1 . Optical layout of the AO-SLO system. The layout is presented in a scale drawing, and the precise x-, y-and z-locations of each element are presented in Table 1 . Abbreviations: L#, lens; M, mirror; SM, spherical mirror; DM, deformable mirror; D#, dichroic mirror; OBJ, focusing objective lens; Hsc, horizontal resonant scanner; Vsc, vertical scanner; PMT, photomultiplier tube; P (circled in blue) optical planes conjugate with the pupil; SLD, superluminescent diode. Collimated beams are marked as dashed lines and focusing beams are marked as solid lines. The on-axis beams are represented by red lines and scanned beams by green and blue.
We used a cascade of focal telescopes created by pairs of spherical mirrors to produce multiple planes conjugate with the eye pupil for all key optical components, including the x-and y-scanning mirrors, the wavefront corrector and a Shack-Hartmann wavefront sensor (SHWS). This design is similar to that of the AO-SLO system for mouse retinal imaging presented by Geng et al. [4] , in that a large focal length achromatic lens (L0; L-AOC156, Ross Optical, El Paso, Texas) is used as the last optical element prior to the contact lens. The principal differences are that the deformable mirror (DM) is located closer to the wavefront sensor, and the mouse contact lens (0 Dpt.) (Unicon Corporation, Osaka, Japan) was mounted at the pupil plane of the system to improve the repeatability of imaging sessions. The field of view (FOV) and defocus correction range that affords diffraction-limited performance is similar to that presented by Geng et al. [4] . The current AO-SLO uses light from two spectral bands for imaging: the one for backreflection and fluorescence imaging was typically centered at 469 nm (filtered by Semrock bandpass filter FF01-469/35) from a supercontinuum light source (Fianium TM , WL-SC400-4); and, the second, used for both reflectance imaging and wavefront sensing was centered at 663 nm (from a superluminescent diode (SLD-26-HP; Superlum, Carrigtwohill, Cork, Ireland, λ 0 = 663.5 nm, Δλ = 6.8 nm, and P out = 5 mW). In the description below we shall refer to the two beams as the "blue" and "red" channel, respectively. At the mouse pupil plane the beams were ~2 mm in diameter, defined by the aperture of the deformable mirror. The intensity profiles of the beams are described by the central part of a Gaussian beam truncated by the circular aperture (DM). For the wavefront beacon an additional small circular stop in the center of the beam was used to generate an annular beam profile that helped reduce back reflection artifacts seen by the SHWS [4] .
The AO-SLO employs a resonant scanner (SC-30, Electro-Optical Products Corp. Fresh Meadows, NY) operating at 14 KHz, and collects square image frames (512x512 pixels) at 23 Hz. The FOV can be varied, ranging up to a maximum of 8 deg visual angle. Images presented in this manuscript were acquired with a FOV of 3 or 6 deg. For some experiments the system was operated in "linescan" mode, with the line of scanning centered in x-y frames collected immediately before and/or after the line scanning commenced.
Optical performance of AO-SLO system
The optical system was designed with Zemax TM software, which was also used to characterize its performance. Achieving diffraction-limited performance in the largest possible field of view was the overarching goal of the design. The size of the mouse eye and the size of the wavefront corrector necessarily constrained the design. Table 1 provides the positions of all the optical components that affect performance. The design software was employed to achieve minimum wavefront error and pupil wander for an 8 x 8 deg FOV. The root mean square (RMS) wavefront error of the whole system with the DM simulated as a flat mirror is plotted as a function of scanning mirrors' positions in Fig. 2(A) . The maximum wavefront error is under 35 nm for the whole field (λ/13.4, diffraction limit for λ = 469 nm; minimum Strehl ratio 0.8). The relatively small RMS error of the system allows the entire stroke of the wavefront-correcting DM to be used for correcting aberrations of the mouse's eye, rather than correcting for imperfections in the optical system itself. Another important parameter taken into account during optical design was reduction of pupil wander at the system entrance pupil plane (mouse eye pupil plane). The predicted maximum pupil wander is under 50 μm (2.5%) as shown in Fig. 2(B) . We have confirmed that value by measuring pupil wander in the pupil plane conjugate to the vertical and horizontal scanners by placing a CMOS detector in that plane and recording the pupil position during 6 deg scanning in each direction. The AO-SLO was designed to achieve diffraction-limited performance for defocus of the mouse eye ranging from −30 to + 30 Diopter (Dpt) with a 3 x 3 deg field of view. One needs about 50 Dpt to shift the axial focus over the total thickness of the mouse retina (~220 µm) [4] . Thus, this diffraction-limited defocus correction range also defines the axial focus shift available in our AO system.
Adaptive optics
The AO system incorporated a custom Shack-Hartmann wavefront sensor (SHWS) consisting of a lenslet array (10 mm x 10 mm, Pitch = 150 µm, f = 6.7 mm; MLA150-7AR, Thorlabs, Newton, New Jersey) and sCMOS detector (2048 × 2048 pixel; Ace acA2040-180 km; Basler AG), and a high-speed, high-stroke deformable mirror (DM; DM-97-15; ALPAO SAS, Montbonnot St. Martin, France). The AO system was limited by centroid computation time, and ran at 16 Hz using the full 4 megapixel spots image. The pupil diameters are 2 mm, 13.5 mm, and 4.5 mm at the mouse eye, the DM, and the SHWS, respectively. The pupil diameter at the SHWS defined a circular aperture having a diameter of 30 lenslets, and a total of 700 spots used for centroiding.
Diffraction-limited imaging as defined by the RMS error of the measured wavefront was routinely achieved (σ Zernike < 50 nm). This performance corresponds to a theoretical lateral resolution of 0.75 μm for the red beam on the retina. Custom software was used for both the SLO control and data acquisition system, and for the AO-correction system. The SLO software was written in C++ , and provided real-time viewing of the acquired images [22] . The AO software was written in Python/NumPy [23] . The two systems run on separate PCs. The AO software provided real-time wavefront reconstruction and residual error feedback, informing operators when the correction was diffraction-limited. Because the contact lens was mounted in the system entrance pupil plane, the mouse axial position could be adjusted to bring the desired retinal layer into focus for the DM set to flat mode (no aberration correction). Once the layer of interest was in focus no further changes to the mouse's axial position were made. This procedure ensured that the DM stroke was used mostly for higher order aberration correction. The AO system also provided a method for dynamically adding positive or negative defocus by modifying the SHWS reference coordinates, as now described.
Adaptive optics can be used not only to correct aberration in the imaging system, but also to generate desired aberrations. This is often used in aberration-dependent vision testing [24] or image quality-based aberration correction [25] . In our AO-SLO, similar to other AO-based imaging systems, this feature was used to actively shift the axial focus position of the imaging beam by adding a prescribed defocus term to the AO reference control, modifying the shape of the deformable mirror [26] . As a consequence, the focal plane of the AO beacon was allowed to move away from the photoreceptor layer during AO correction and imaging, unlike the approach used by Geng et al. [4] . Thus, we allowed our red AO beacon to shift axially with the blue imaging beam. When the focus was shifted in this manner, the red reflection channel image was used to assess the axial location of focus, and also together with the dynamically reported AO-residual RMS error, the correction quality. While this changing of the axial focus position of the AO beacon sometimes resulted in suboptimal wavefront sensing and correction, it nonetheless provided an efficient means for changing the focus of the imaging beam, allowing rapid imaging of several depth planes. This focusing method works linearly with the defocus of the AO system when imaging structures near the photoreceptor layer. For imaging structures near the NFL such as microvasculature and axon fiber bundles the AO reference plane would jump smoothly from the photoreceptor layer to the NFL, the highest reflecting structure in the inner retina [11] . However based on an understanding of mouse retinal anatomy, on prior OCT and pv-OCT imaging of the individual mouse, and on the availability of the red reflectance imaging channel, this effect could be easily compensated in offline analysis to recover the precise axial depth.
The ability of the AO control software to rapidly shift focus enabled the application of a special "dynamic focusing" control mode, in which the operator specifies the starting and ending amplitude of the defocus term, as well as the number of steps between these two positions. Once executed, the AO system shifts the focus smoothly between the two specified points with reference defocus updated for each consecutive AO-loop. For example, with the current AO loop update rate of 16 Hz and 200 steps over an axial range of dynamic focus, it takes 12.5 s (about 300 frames) to image the whole range. This dynamic focusing mode was used to acquire image z-stacks. As noted by Geng et al. [11] , a limitation of this method is that the mouse retina has two distinct high reflectance layers that can each serve as the focus of the wavefront sensing beacon [11] , and during z-stack the wavefront sensing can shift from the inner retinal reflectance to the outer one. Use of OCT data obtained from the same mouse, however, enabled us to determine the AO-SLO focus plane for each nominal z-position, as described in the Results.
AO-SLO data acquisition
Reflected or fluorescent light from the mouse retina was separated by 2 dichroic mirrors (FF509-FDi01 and FF640-FDi01, Semrock) into 3 non-overlapping bands: (i) λ < 509 nm for "blue channel" back-reflection imaging; (ii) 509 nm < λ < 640 nm for fluorescence imaging (with an additional band-pass filter FF01-525/45 for GFP fluorescence); (iii) λ > 640 nm for "red channel" back-reflectance imaging and wavefront sensor, with the latter further filtered (FL670-10, Thorlabs). The light from the back-reflection and fluorescence channels was collected by selectable optical fibers (typically, with an aperture of 4 Airy discs), and then passed to PMTs (H7422-50 for back-reflection, and H7422-40 for fluorescence, Hamamatsu Photonics), and amplified for transfer to the data acquisition system. The positions of the "blue channel" light source fiber, "blue channel" back-reflectance detection pinhole and fluorescence imaging pinhole were adjusted during imaging to cancel chromatic shift created by chromatic aberrations present in the system and in the mouse eye. As a result, both blue and red beams were focused at the same axial plane on the retina and all three detection channels recorded images from the same retinal plane.
Mouse strains and handling
All animals were handled according to the guidelines of the University of California Davis Institutional Animal Care and Use Committee (IACUC). Mice were anesthetized with 2-3% isofluorane delivered in O 2 , the pupils were dilated and cyclopleged with tropicamide and phenylephrine. Gel Tears with 0.2% carbomer (Chem-Pharm Fabrik, Berlin, DE) was applied between the corneal surface and the custom 0 Dpt contact lens (Unicon Corporation, Osaka, Japan) to moisturize the eye and also maintain a homogeneous refractive surface. The anesthetic delivery system included a "bite bar" mounted on a micropositioner (Bioptigen,latter mice were produced from WT mice by intravitreal injection (0.5 μL) of a custom adenovirus capsid (AAV-7M8 [28] ;) packaged with a DNA construct comprising the human L/M opsin promoter (hLM) driving EGFP expression [29, 30] . Fluorescein angiography was performed on animals after tail-vein injection of 50 μL clinical grade AK-Fluor 10% (Akorn).
Image processing and analysis
Raw mouse OCT data were processed as previously described [13, 14] . Phase-variance analysis (pv-OCT) was performed as described previously [18, 31] . Raw AO-SLO scan data were corrected for the sinusoidal motion of the resonant scanning mirror. Most other postprocessing was performed with tools available in ImageJ software (Fiji version), including alignment of successive images in stacks, averaging, contrast adjustment, and extracting distance parameters. Custom scripts written in Matlab TM were used for some analyses, including interpolation of z-stack data on a uniform axial micrometer scale, and extracting the velocity of blood cell flow. For blood flow analysis, we employed a steerable 2D filter to extract "particle tracks" in x-t images [32] [33] [34] . Thus, each x-t image was convolved with a series of rotated versions of a 2D Gaussian reference template. Rotation of the filter was effected by means of weighted linear combinations of the reference template [34] . 
Results
OCT imaging and phase-variance analysis used as a roadmap for AO-SLO imaging
Phase-variance-OCT
The OCT volume data set shown in Fig. 3(B) was subjected to phase-variance analysis [16, 18, 19] . This analysis can reveal the entire vasculature in the OCT volume, including the finest capillaries (Fig. 3(C) ). The high axial resolution of the OCT system (~2 μm) enables the axial position of the vessels to be precisely determined, as illustrated in panel D, where the depth level has been color coded, ranging from the neurofibrillary level (NFL, blue) to the outer plexiform layer (OPL, red). Pv-OCT is ideal for obtaining a 3D angiographic map of the outer retina, inasmuch as it is a label-free technique that employs generally harmless nearinfrared light. In contrast, fluorescein, commonly used for retinal angiography, requires bluegreen excitation and can produce photo-oxidative damage [35] . Note that in Media 2, which presents a 3D rendering of the data in Fig. 3(D) , an axial motion artifact due to movement of the mouse's eye during pv-OVT data acquisition can be seen in the side view. This axial motion artifact can be readily accounted for when interpreting depth positions of the retinal vasculature in pv-OCT data sets. The axial movement in Fig. 3(D) is smaller than the distance between two capillary plexus and thus will not cause confusion. If needed, any of many OCT volume motion correction methods could be used to remove this artifact. 
AO-SLO imaging of the retinal vasculature
Lateral and axial resolution of the AO-SLO system
To examine the resolution of the AO-SLO, we performed fluorescein angiography of the retinal capillary bed in "z-stack" dynamic focus mode (Fig. 4) . These results were obtained from the same mouse and eye already illustrated in Fig. 3 : the precise location of the z-stack in the mouse fundus was determined by matching the fluorescence angiogram pattern with the pv-OCT angiogram (Fig. 3(C) , blue box). More generally, any desired location in the central retina could be found for AO-SLO imaging by "navigating" along a previously obtained pv-OCT or widefield SLO map: thus, the mouse was moved with the micro-positioning device so as to keep vascular landmarks in the map in view. The theoretical depth of focus for our AO-SLO system in the diffraction-limited case at 469 nm is approximately 5 μm. The very clear differences between the fluorescence images obtained at different z-positions (Fig. 4(A)-4(C) ) demonstrate that the AO-SLO is functioning as a confocal system with useful z-resolution, and allowed unequivocal determination of the retinal layer of the fluorescent blood vessels. Moreover, by comparing the pv-OCT and AO-SLO maps of the blood vessels at different depths, we determined the relationship between the AO-SLO z-position "focus depth" and the actual retinal depth (Fig. 4(D) ), and used this relationship to generate by interpolation a zstack calibrated in micrometers (Fig. 4(E) ). This is a useful method of calibrating the dynamic focus control of the AO-SLO.
To assess the lateral resolution of the AO-SLO, we measured fluorescence intensity profiles along lines perpendicular to the smallest capillaries at the z-position of their maximum image width in the z-stack (Fig. 4(B), 4(D) ). The average full width half-maximum (FWHM) along such profiles was 5.7 ± 0.1 μm (mean ± sem, n = 17; Fig. 4(D) ). As the lumens of the finest retinal capillaries in the mouse have a diameter of ~6 μm [36] , the same diameter as the mouse red blood cell (http://bionumbers.hms.harvard.edu; cf. Fig. 6(D) ), the x-y resolution of the AO-SLO can be concluded to be close to 1 μm. In this experiment, the confocal collection aperture (fiber optic) had a diameter of 4 Airy discs. Fig. 4 . Fluorescein angiography used to examine AO-SLO resolution and illustrate z-stack acquisition. A-C. Selected images from a z-stack of 350 images spanning retinal depth from the large superficial vessels to the capillaries of the outer plexiform layer (cf Fig. 3(C) , blue box). The images correspond to stack positions z = 1 (A), z = 148 (B), z = 323 (C), corresponding to the NFL (A), the IPL (B), and OPL (C), respectively, as determined from the corresponding OCT volume (Fig. 3(C), 3(D) ). D. Fluorescence intensity profiles (n = 17) along lines perpendicular to the smallest capillaries, illustrated in part by the red lines in panels B and C. E. Relationship between nominal position in the z-stack (abscissa) and depth in the retina measured in the corresponding pv-OCT image. The smooth parabolic curve fitted through the points was used to interpolate an image stack spaced in micrometers, shown as a "zoomthrough" in Media 3. F. Depth color-coded projection of the fluorescein angiography images in Media 3; also see Media 4; the same color coding scheme was used as in Fig. 3(D) .
Reflectance imaging of axon bundles and microvasculature
While fluorescein angiography can be combined with OCT data to permit precise determination of the axial position of AO-SLO images, it is not desirable to simultaneously apply fluorescence angiography with imaging of fluorescent cells. However, imaging of blood vessels, axon bundles and other retinal structures can also be obtained with AO-SLO reflectance data [37] , allowing the depth position of vessels to be matched with corresponding pv-OCT data, and thus the depth of fluorescent cells to be determined. The AO-SLO currently has three imaging channels, two for reflectance (469 nm, 663 nm) and one for fluorescence (excitation, 469 nm). To illustrate the capabilities that these features afford, we compared reflectance images taken at different focus depths with pv-OCT data (Fig. 5) . With the AO-SLO focused on an x-y location found by navigating along a pv-OCT blood vessel map, it was possible to find a precise correspondence between the local capillary bed seen in an AO-SLO reflectance channel image, and a portion of the pv-OCT 3D map (Fig.  5(A) ). In reflectance images the blood vessels can be identified as areas of relatively higher reflectance. An alternative analysis that causes the vessels to stand out in strong relief is to process a series of reflectance images taken at a fixed z-position for variation (Fig. 6 ): an image of the standard deviation unequivocally highlights vessels [38, 39] . Media 5 shows a series of AO-SLO red reflectance images taken at a z-position with OPL focus. In viewing such movies, taken at the 23 Hz frame rate, one is struck by the appearance of blood cell motion in the vessels, though it is difficult to ascertain the direction of motion and its velocity. By analyzing individual frames, and taking advantage of the 14 KHz line scan rate, the velocity of the blood flow could be readily measured, as has been previously show in AO-SLO imaging of the human and mouse retina [40, 41] . 
Measurement of flow in blood vessels with line-scanning
To extract the velocity of flow in blood vessels, we performed interleaved frame-and linescans with the AO-SLO operating in red reflectance mode (Fig. 7) . For larger vessels, it was possible to observe flow in individual x-y frames (data not shown): thus, because each successive line in a frame is taken 71 μs after the previous one, a red-light reflecting red blood cell (RBC) or group of RBCs creates a particle track whose slope in the image is determined by its velocity. The horizontal velocity component V x of a particle whose track has slope θ (relative the horizontal scan line) is given by ( )
where V(45) = 5.5 mm s −1 is the calibrated total x-scan distance (200 μm) divided by the total time for a frame (36.6 ms), i.e., the velocity of a particle whose track has a slope of 45 deg. If the vessel is tilted at an angle α with respect to the scan frame, the actual velocity along the vessel axis is given by
Particle tracks were readily observed in x-t (line) scans (Fig. 7(C) , 7(H)) to which Eqs. (1), (2) also apply. We automated the extraction of the particle tracks with a steerable 2D filter analysis ( Fig. 7(D) , 7(I); Methods, 2.4). The sign of the velocity indicates the direction of flow (negative, rightward; positive, leftward), so that it is possible from the larger vessel map and flow direction to determine whether a given vessel is an artery or vein. For the two vessels illustrated, the mean velocities were V x = 9.7 ± 2.9 and V x = −11.7 ± 3.6 mm s −1 (mean ± s.d) respectively (Fig. 7(E), 7(J) ), negligibly different the axial velocities. Given their positions relative to the optic nerve head (Fig. A, F) , both vessels are identified as arteries. Successive line scans in panels C and H were taken 71 μs apart, at the frequency (14,000 Hz) of the resonant scanner. Media 6 and Media 7 show the entire set of frames in each case, along with the automated extraction of the particle tracks, velocities and histograms.
AO-SLO imaging of fluorescent microglial and cone photoreceptors cells
Three-dimensional localization of fluorescence microglia cells
Having developed a general method for localizing and characterizing the retinal microvasculature in 3D with pv-OCT and AO-SLO, we applied this method to the localization of fluorescent microglia cells, including widefield (non-AO) SLO imaging because OCT cannot detect fluorescence (Fig. 8) . Microglia are a class of non-neuronal cells of great importance for maintenance of the central nervous system (CNS), where they act as "resident macrophages" to clear debris and dying cells. We took advantage of a genetically modified mouse line (Cx3cr1 GFP/+ ) that has the coding sequence for EGFP knocked into the genetic locus of the fractaline receptor (Cx3cr1), which is expressed in microglia and macrophages [27] . Widefield SLO reflectance and fluorescence images (Fig. 8(A), 8(B) ) and pv-OCT (Fig. 5(A), 8(A) ) provided 3D maps of the retina in which AO-SLO images (Fig.  8(C)-8(E) ) could be localized within distinct axial focal planes. We first used the red (663 nm) reflectance channel to map the local vasculature and/or neurofiber bundles. The fluorescence excited by 469 nm was then collected, so that its image plane was unequivocally matched to a red reflectance image. Analysis of fluorescence as a function of depth confirmed that microglia reside primarily in the plexiform layers in the healthy retina, as expected from histology [12, 13] . Distinctive patterns of GFP-positive cells and processes were found in the NFL, IPL and OPL (Fig. 8(D)-8(E) ). In the OPL the cell branches were tightly planar ( Fig.  8(E) ), permitting imaging of primary and secondary branches over time without the need for focus adjustment. The highly dynamic nature of microglia as they perform their sensing and phagocytic roles under resting and perturbed conditions makes it imperative to study them in vivo. Microgliamediated chronic inflammation has been implicated in a number of disease etiologies, signified by morphological changes in microglia and their migration to the loci of inflammation [42] . This can manifest in the retina as a change from a highly branched to an ameboid shape, including intermediate axial migration through the retinal layers [13] , which now should be observable in vivo with confocal AO-SLO. The advent of this technique will allow the study of the microglial response to disease and injury, potentially providing necessary in vivo proof of the helpful or harmful nature of their activation, opening the door for treatments based on knowledge gained about the role of microglia.
Imaging of cone photoreceptors that express GFP
The cone mosaic of the central human retina and a number of features of human cones in vivo have been extensively studied with AO-SLO imaging (reviewed in [1] ). While lacking a fovea with a concentrated population of cones, the mouse retina nonetheless has numerous cones, comprising 3% of the total photoreceptor population [43] , about the same density as in the human peripheral retina [44] . Mouse cone structure and function have been investigated in many studies [45] and mice have been shown to use their cone vision with high sensitivity in behavioral experiments [46] . As preserving cone function in retinal disease and aging is an important aim of translational research, AO-SLO imaging of mouse cones in vivo is a highly desirable goal. This goal was achieved by imaging cones engineered to express EGFP by intravitreal injection of an adeno-associated virus with a modified capsid (AAV-7M8) carrying the coding sequence of EGFP driven by a cone-specific promoter [28, 30] (Fig. 9) . EGFP is a highly soluble protein, whose distribution in cells, including photoreceptors, reflects the water space [47] . The dominant water spaces of mouse cones are the pedicles in the OPL and the cell body and inner segment, which for most cones span the ELM (Fig.  9(A) ). Widefield SLO imaging showed numerous green fluorescent spots across the retina in a mouse intravitreally injected several months earlier with AAV-7M8-hlm-EGFP (Fig. 9(C) ). The emission spectrum measured in the SLO from small regions centered on bright fluorescent spots was clearly that of EGFP (Fig. 9(F) ). The stronger expression of EGFP in the dorsal retina likely reflects the dorso-ventral gradient of M-opsin expression [30, 48, 49] . AO-SLO reflectance and fluorescence data ( Fig. 9 (E), 9(F)) were collected from several regions of this eye that were previously identified as having puncta of EGFP expression in the combined widefield SLO reflectance and pv-OCT map of the vasculature (Fig. 9(B) ). Fig. 9 . AO-SLO imaging of mouse cone photoreceptors expressing EGFP. A. Confocal image of a live retinal slice of a mouse two months after an intravitreal injection of a capsid-modified AAV vector (AAV-7M8) carrying the coding sequence for EGFP driven by the human L/Mcone promoter (hlm-EGFP). Imaging was performed with a 60X objective; the retina was stained with Alexa555-labeled PNA, which specifically labels cone outer segment sheaths (red). Note that the regions of highest EGFP expression (green) are the cone cell bodies and inner segments (which sit astride the ELM), and the synaptic pedicles, which are in the OPL. B, C. Simultaneously acquired widefield SLO reflectance (B) and fluorescence (C) images of another mouse eye transduced with 7m8-hlm-EGFP. A widefield pv-OCT vasculature map color-coded for depth has been overlaid on the reflectance image, and a higher resolution pv-OCT (yellow box) upon it. The white box identifies the region subjected to AO-SLO imaging. D. Images segmented from a high resolution pv-OCT volume subtending most of the region that underwent AO-SLO imaging; the region corresponding to the ELM had negligible contrast, arising from the absence of blood vessels. E. AO-SLO 663 nm reflectance images, with depth focus corresponding to the adjacent (panel D) pv-OCT images. F. Upper panel: Emission spectrum (blue trace) obtained by scanning the region shown in the cyan box in C with 469 nm light. An autofluorescence spectrum (black trace) was obtained from a region with negligible green fluorescence. The observed emission spectrum (blue trace) was predicted (green trace) by summing a scaled EGFP emission spectrum [10] with the autofluorescence spectrum. Lower panels: AO-SLO fluorescence images with focus at same retinal depth as the corresponding adjacent red reflectance channel images.
To identify the depth of origin of the fluorescence signals, we co-registered the microvasculature as visualized with the red reflectance AO-SLO data with the zoomed pv-OCT volumetric vascular maps (Fig. 9(D) ). In this mouse, while focused at the ELM we did not observe the photoreceptor mosaic previously observed in the mouse [4] . As we have observed the mosaic in other mice (data not shown), its absence in the reflectance image likely arises from relatively high 469 nm scattering and inadequate averaging. We interpret the fluorescent spots seen with an ELM focus as arising from cone cell bodies and inner segments (Fig. 9(A) ), and those with an OPL focus as arising from cone pedicles. That these two sets of spots have a distinct pattern likely reveals that the pedicles are not in alignment with the cell bodies along the axis of light propagation. Orderly transmission of spatial information from the photoreceptor mosaic does not require axial alignment of the synaptic region of the cell with the inner and outer segment, which guide and capture light. Human foveal cone pedicles, for example, are laterally displaced by hundreds of micrometers from the cone cell bodies. This, and many other issues about the spatial distribution and optical properties of mouse cones should be addressable with this approach, which enables the precise location of some cones to be unequivocally determined.
Summary and discussion
We have presented a framework for imaging the mouse retina in which cells and structures visualized with high resolution, small field-of-view AO-SLO can be localized in 3D with respect to widefield pv-OCT and SLO reflectance and fluorescence images. We think that sequential pv-OCT, SLO and AO-SLO imaging has great utility for investigating mouse models of ocular disease at the cellular level. Using multiple independent modalities enables unequivocal localization of cells in the living retina. We used this framework to characterize the volumetric morphology of blood vessels from the largest size to the capillary level, and to achieve depth-resolved AO-SLO fluorescent images of microglia and cone photoreceptors expressing EGFP. To evaluate performance of this methodology three mouse variants were imaged: (1) wild type mice; (2) mice with EGFP-labeled microglia cells; and (3) mice with EGFP-labeled cones. In each case we have demonstrated precise localization of retinal cells and/or microvasculature imaged with AO-SLO in the large field-of-view volumes.
One advantage of this multi-modal and multi-scale imaging approach is that OCT and SLO provide rapid, widefield screening and mapping of retinal morphology. Such screening is essential in following cellular structures across the retina during disease progression, or for delivering and testing treatments. AO-SLO alone allows confocal imaging with a depth of focus of approximately 5 µm, and thus, in theory any axial position of a cell or structure could be measured with respect to the reference layers (NFL or ELM) by driving the focus through the retina with the deformable mirror. In practice, however, such focal shifting is non-linear with the AO-system defocus offset, and the AO-correction could change if the retina undergoes structural changes that alter the reflectivity or thickness of any retinal layers. In contrast OCT provides inherently precise depth information that doesn't depend on any of the above mentioned factors. Additionally, prior imaging with OCT and SLO allows us to assess the quality of the mouse eye's optics and select regions of interest (ROI) to be investigated with AO-SLO. Our AO-SLO system implements wavefront sensor-based AO correction and uses reflective afocal design to minimize system aberrations and pupil wander during scanning. These are the same principles used in the AO-SLO of Geng et al. [4] . The main difference between these two approaches is the location of the wavefront corrector with respect to the scanning mirrors and the use of the wavefront beacon for imaging, achieved by changing the wavefront beacon focal plane position.
The AO-SLO was employed in reflectance mode to image retinal blood vessels, including capillaries, whose distinct patterns provide fiducial markers for co-localization of fluorescent cells. We also used AO-SLO reflectance to measure blood flow in mouse retinal vessels, as has previously been demonstrated in human AO-SLO imaging. Application of such flow analysis promises to provide new insight into mouse models of vascular disease.
In this manuscript we also describe initial efforts to apply AO-SLO to localize microglia within specific retinal layers. Additional work will be needed to obtain the precise 3D position of each microglia cell with respect to nearby capillaries, veins or arteries. Ongoing research on microglia with a larger sample of mice is underway to address these and other issues, including microglia motility and mobility. A mouse model in which an AAV vector was used to drive EGFP expression in cones was used to demonstrate AO-SLO axial sectioning capabilities within the photoreceptor layer. When photoreceptors were visualized in the fluorescence channel no mosaic was observed in the back-reflected channel. More studies are needed to assess whether there are morphological changes affecting AO correction or reflectivity of photoreceptors transduced with the virus.
Conclusion
Widefield SLO and OCT imaging offer an efficient and robust screening assessment of retinal structures, but lack the axial resolution (SLO) or fluorescence detection capability (OCT) for studying individual cells in 3D. Combining AO-SLO with widefield SLO and OCT imaging enhances the interpretation of AO-SLO data, makes it easier to focus AO-SLO resources on specific retinal locations and cellular targets, and can help to optimize the timing of AO-SLO data acquisition with respect to dynamic processes such as rapid retinal degeneration [13] .
